The effect of partial substitution of Ge in the Si sites of SrSi 2 alloy has been investigated by means of electrical and thermal transport studies. Electrical resistivity (ρ), Seebeck coefficient (S) and thermal conductivity (κ) measurements were performed on the SrSi 2−x Ge x alloys with x = 0-0.12. The room-temperature resistivity of these substituted alloys decreases with increasing Ge content up to x = 0.06 and then starts to increase upon further substitution. Seebeck coefficient study shows a substantial increase in S with Ge content, and a maximum of about 280 µV K −1 was obtained for x = 0.03 near 85 K. These observations can be realized as the broadening of band gap and the changes in the Fermi-level density of states (DOS) upon Ge doping. Analysis of the thermal conductivity of the SrSi 2−x Ge x alloys suggests that the heat transport is essentially associated with the lattice phonons. In addition, low-temperature peak in the lattice thermal conductivity of these alloys drops markedly with increasing Ge content, attributed to the point-defect scattering of the phonons. Thermoelectric performance characterized by the figure-of-merit, ZT was evaluated for each alloy, and the largest ZT value of about 0.13 at room temperature was achieved for SrSi 1.94 Ge 0.06 alloy, nearly three times higher than that of pure SrSi 2 .
Introduction
The physical properties of metalloid silicides are of great importance due to their applications in electronic devices, particularly in integrated electronic circuits. Silicides occupy the intermediate position between interstitial and intermetallic compounds. In general, Si-rich silicides show a strong covalent bonding, whereas the Si-poor silicides exhibit a metallic nature. The structure and physical properties of this class of alloys mainly depend on the electronic structure of metalloid and their bonding with Si atoms [1] . Especially, metalloid silicides with semiconducting or semimetallic characteristics have been reported to be one of the promising candidates for electronic and thermoelectric applications [2] [3] [4] [5] [6] . Recently, alkaline-earth-metal disilicides with the general formula M AE Si 2 (M AE = alkaline earth metal) have attracted considerable attention because they are composed of non-toxic and naturally abundant elements. In particular, SrSi 2 has been reported as a narrow-gap semiconductor with an energy gap of about 35 meV estimated from the Hall coefficient between 180 and 300 K [7] . On the other hand, the band structure calculations indicated the presence of a sharp pseudogap in Fermi-level density of states (DOS), suggesting the semimetallic character for SrSi 2 [8] [9] [10] [11] .
Band structure calculation based on density-functional theory (DFT) within the local density approximation has revealed that the Fermi level (E F ) of SrSi 2 is located in the narrow dip of the DOS curves [12] . Recent DFT electronic property calculations with the generalized gradient correction along the high symmetry directions of the Brillouin zone also indicate the semimetallic nature of SrSi 2 [13] . Furthermore, it is found that the pressurization reduces the energy gap and subsequently modifications in the band structure and DOS near the Fermi level E F of SrSi 2 [14] . Hence, similar modifications in the band structure and DOS can also be expected to take place by chemical substitution [15, 16] . Our earlier study on Y substituted SrSi 2 silicides showed enhancement in thermoelectric performance, which makes it a promising candidate for advanced thermoelectric applications [17] . In our recent study, we found that the substitution of Si by Al effectively adds holes to the SrSi 2 system, leading to substantial decreases in both electrical resistivity and Seebeck coefficient. The observations have been attributed to the shift of the Fermi energy from the dip of the DOS as a consequence of the substitution [18] . However, the lattice thermal conductivity of the Al substituted alloys above 200 K was found to have a robust value of about ∼5 W m −1 K −1 . The combined effects of the Al substitution on the Si sites causes a strong reduction in the ZT (=S 2 T /ρκ) value. To effectively reduce the lattice thermal conductivity and in turn enhance the thermoelectric performance, a careful selection of the substituent to study the thermoelectric properties of SrSi 2 is needed. In the present work, we have investigated the thermoelectric properties of SrSi 2−x Ge x alloys with x = 0.00-0.12. We incorporate the changes in the thermoelectric properties of SrSi 2 with the effects of the band gap broadening, modification of the DOS, and mass fluctuations induced by Ge substitution.
Experiments
We have synthesized the SrSi 2−x Ge x alloys (x = 0.00-0.12) by arc melting of the corresponding high-purity elements in water-cooled copper crucible under argon atmosphere [16] . To improve homogeneity, the ingots of the samples were annealed in a vacuum-sealed quartz tube at 800
• C for 3 days, and this was followed by furnace cooling. Roomtemperature x-ray diffraction study on powder SrSi 2−x Ge x samples was carried out using Cu Kα radiation which is shown in figure 1(a) . X-ray diffraction analysis of powder specimens of the pure and substituted samples reveals the cubic crystal structure with space group P4 3 32 [16] . The lattice constant (a) versus concentration (x) of the Ge-substituted SrSi 2 alloys is illustrated in figure 1(b) . It appears that the lattice constant gradually increases with increase in Ge content. This observation suggests that the Si sites were successfully replaced by Ge atoms in the SrSi 2−x Ge x systems, according to Vegard's law [14] [15] [16] . However, the peaks marked by asterisks in figure 1(a) arise from the residual Si and the minor impurity of SrGe 2 , respectively. These minor impurity phases have little effects on the thermoelectric properties on the present system. Temperature-dependent electrical resistivity of Ge-substituted SrSi 2 alloys was measured using dc fourprobe method during the warming process. Measurement of Seeback coefficients and thermal conductivity of the pure and substituted alloys was carried out using dc pulse and direct heat-pulse techniques, respectively. More details regarding our measurement techniques can be found elsewhere [4] . 
Results and discussions
Temperature-dependent electrical resistivity, ρ(T ) of the SrSi 2−x Ge x alloys (0.00 x 0.12) is shown in figure 2 . Room-temperature ρ values of these SrSi 2 alloys are found to lie between 0.95 and 1.95 m cm. For pure SrSi 2 , ρ increases with increasing temperature, tends to saturate at around 170 K, and then decreases gradually upon further increasing temperature. It is apparent that the semiconducting feature becomes dominant in the substituted alloys as evidenced by the increase in the negative temperature coefficient of resistivity (TCR). Residual resistivity and room-temperature resistivity values of these Ge-substituted alloys are listed in table 1. It is found that room-temperature resistivity initially drops with the addition of Ge content up to x = 0.06 and then increases upon further substitution. Room-temperature resistivity (ρ RT ) of the SrSi 1.94 Ge 0.06 alloy was found to be reduced to half the value (∼0.95 m cm) of that of pure SrSi 2 (∼1.85 m cm). On the other hand, the residual resistivity (ρ r ) of the Gesubstituted SrSi 2 alloys increases with substitution except for x = 0.06, implying that there is an essential presence of impurity scattering in the substituted alloys. We also estimated the band gap (E g ) of the Ge-substituted SrSi 2 alloys by fitting the high-temperature resistivity data to ρ = ρ 0 exp(E g /2k B T ), where k B is Boltzmann constant and the Arrhenius plot is depicted in figure 3 . The deduced band gap value of pure SrSi 2 is about 13 meV which is lower than that of the reported experimental value (35 meV) [7] but higher than the theoretically predicted one (3 meV) [9] . Our result suggests that the pure SrSi 2 alloy is a semimetal in nature with the presence of a pseudogap. While E g increases with increase in substitution of Ge, however, these substituted samples still exhibit semimetallic behaviour with a downturn feature at low temperatures. The observed increment in the band gap may be attributed to the presence of the negative chemical pressure by Ge in the lattice. The extracted E g values of these alloys are also listed in table 1. It is noticed that the systematic trend of E g is consistent with the increasing high-temperature resistivity behaviour. We also evaluated the deformation potential of E g , a g = dE g /d ln V , which is about 4.5 eV from the least square fit of the band gap as a function of the reduced unit cell volume. The magnitude of the deformation potential is quite high as compared to theoretical (∼0.25 eV) and experimental values (∼0.5 eV) deduced from the application of the hydrostatic pressure [9, 14] . The discrepancy in the deformation potential may be due to the different nature of the pressure applied to the SrSi 2 system (negative chemical pressure versus positive hydrostatic pressure). In addition, we obtained the volume change (V -V 0 )/V 0 directly from the variation of lattice parameter as shown in figure 1(b), while Imai et al connected a g and dE g /dP through bulk modulus B 0 with the formulation of [14] . Temperature-dependent Seebeck coefficient, S(T ) of the SrSi 2−x Ge x alloys is illustrated in figure 4 . The Seebeck coefficients of these alloys were found to be positive in the entire temperature range under investigation, suggesting that the hole-type carriers dominate the thermoelectric transport. This finding is consistent with the recently reported Hall coefficient [7] and Seebeck coefficient measurements [8] . Room-temperature S varies from 130 to 150 µV K −1 which shows a weak variation with the Ge concentration. For the pure SrSi 2 alloy, the S value increases rapidly with rising temperature, tends to saturate around 150 K, and then changes to a negative slope upon further heating. The downturn in S at high temperatures is presumably due to the contribution of thermally excited quasi-particle across the narrow pseudogap. The temperature-dependent variation and absolute value of S is in accordance with the reported results at high temperatures for pure SrSi 2 by Hashimoto et al [19] .
The maximum room-temperature S was achieved for the substitution level of x = 0.03 and then tends to reduce with further substituting Ge. Besides, a substantial enhancement in S at low temperatures, the peak value of about 280 µV K −1 at around 85 K, has been found for this composition. In general, both electrons and holes contribute to the thermoelectric transport in the electrically conducting materials. In the present SrSi 2−x Ge x system, the increase in the number of electrons which has a higher mobility than that of the holes could lead to the observed reduction in S for the higher Ge content of x > 0.03 [5] . It is noticed that the measured S value of the SrSi 2−x Ge x alloys shows no systematic variation with x, indicating that the observed composition dependence in S may not be associated with the changes in the mobility or carrier concentrations, since Ge is isoelectronic to Si. For ordinary metals, the Seebeck coefficient is often discussed using the Mott formula
assuming a one-band model with an energy-independent relaxation time, where e is the elementary charge and N(E) is the electronic Fermi-level DOS. Equation (1) suggests that any change in the Seebeck coefficient is a direct consequence of the modifications in the Fermi-level DOS and S is proportional to the slope of DOS at E F . As E F resides at the dip of the sharp pseudogap, a slight variation in the position of E F could cause a considerable change in the slope of DOS at E F . From the above argument, the variation in the DOS at Fermi level due to the broadening of gap is likely for the observed composition dependence in S for these Ge-substituted SrSi 2 alloys. Moreover, from the extrapolation of the electrical resistivity of SrSi 2−x Ge x to zero temperature, the present Ge-substituted SrSi 2 alloys possess a quite large residual resistivity except for x = 0.06 which shows the appearance of impurity scattering (table 1) . Therefore, the carrier scattering relaxations are limited by impurity scattering and the phonons have not yet started to play a significant role at low temperatures. With these respects, the electron diffusion contribution to the Seebeck coefficient is distinguished by the simple linear temperature dependence
From equation (2), we have noticed that the observed S value of pure SrSi 2 is linear with temperature only up to 150 K and then starts to deviates from its linear behaviour at higher temperatures. On the other hand, the linear temperature dependence of S for the substituted alloys is shifted to a lower temperature below 100 K. This behaviour indicates that the metallic diffusion Seebeck coefficient in the observed S value of the substituted samples is found to be diminished. It demonstrates that there is a shift in the electronic band structure towards a semiconducting-like behaviour in the substituted alloys. As a consequence, they exhibit semiconducting-like behaviour in a wide range of temperature which is consistent with the feature of the electrical resistivity. From the linear fitting, the estimated value of slope (b) varies from 0.48 to 4.39 µV K −2 . However, the magnitude of b was found to be large for all substituted alloys as compared to that of pure SrSi 2 . Since, the parameter b is inversely proportional to the Fermi energy E F , the increase in b value with Ge content suggests the reduction in the Fermi energy and/or slight shift in the position of E F .
It is also noticed that the downturn features in both electrical resistivity and Seebeck coefficient occur almost at the same temperature for each composition of the SrSi 2−x Ge x alloys. This downturn temperature in the SrSi 2 alloy is also found to be lowered upon substituting Ge, leading to semiconducting-like behaviour in a wide temperature range. These observations can be correlated to the broadening of the band gap in the substituted SrSi 2 alloys, which is the consequence of applied negative chemical pressure by Ge substitution in the lattice of SrSi 2 . The observed band gap broadening in these substituted SrSi 2 alloys may be tailored by the band structure and DOS near the Fermi level [14] , which may subsequently modify the electrical resistivity and Seebeck coefficient behaviour of the Ge-substituted SrSi 2 alloys.
Temperature-dependent thermal conductivity, κ(T ) of the SrSi 2−x Ge x alloys is displayed in figure 5 . The room-temperature thermal conductivity of the investigated alloys lies between 3.6 and 5.1 W m −1 K −1 , weakly affected by the changes in their chemical composition of Si/Ge. It is also noticed that the room-temperature κ of pure SrSi 2 (∼5.1 W m −1 K −1 ) is close to that of the reported value, ∼5.3 W m −1 K −1 [8] . However, the magnitude and characteristics of thermal conductivity of the alloys vary substantially with the Ge concentration at low temperatures. Upon cooling, a gradual increase in κ is followed by a welldefined maximum around 25 K and then a steep fall below 25 K. This feature is a typical behaviour of solids and the maximum takes place at the temperature where the phonon mean free path is approximately equal to the crystal site distance, ascribed to the generalized Umklapp process. A remarkable trend found in the measured thermal conductivity for these alloys is that the height of the low-temperature (LT) peak reduced gradually with increasing substitution level, indicative of a strong enhancement in the phonon scattering by Ge substitution. Similar observations on the LT thermal conductivity of Al/Ge-substituted CoSi 1−x Al x /Ge x alloys have also been found in our earlier studies [4, 5] .
In ordinary metals and semimetals, where the WiedemannFranz (WF) law is applicable, the thermal conductivity and the electrical resistivity are mutually related over certain temperature ranges through the relationship
where κ e (T ) gives the contribution to the thermal conductivity due to the charge carriers, ρ(T ) is the electrical resistivity and L 0 (=2.45 × 10
is the Lorenz number. The solid line in figure 5 represents the calculated temperaturedependent characteristic of κ e of SrSi 1.94 Ge 0.06 which has the highest κ e among all studied samples. From this estimate, it is clear that the total thermal conductivity is mainly due to the lattice phonons rather than the charge carriers in these alloys. Now, we discuss the influence of Ge substitution on the phonon scattering processes in these alloys by estimating the temperature-dependent κ L within the Debye approximation [4] . Such an analysis has already been successfully applied to the silicides [4, 5] and other materials [20] . The lattice thermal conductivity in the Debye approximation follows:
where ξ = η ω/k B T is dimensionless, ω is the phonon frequency, θ D is the Debye temperature and τ −1 p is the phonon scattering relaxation rate. Here, τ −1 p is the combination of three scattering mechanisms and can be expressed as
where v is the average phonon velocity, L is the grain size and the coefficients A and B are the fitting parameters. The terms in equation (4) are the scattering rates for grain-boundary, pointdefect and phonon-phonon Umklapp scatterings, respectively. Here we have taken θ D = 380 K and v = 3600 m s −1 in the fit, given from the ultrasonic pulse-echo method for SrSi 2 [8] . We (3) and (4), and inset shows the pre-factor A as a function of x(1 − x) of the SrSi 2−x Ge x alloys. have noticed that the experimental data of all studied samples can be fitted very well in the LT range, but deviate from the data points at higher temperatures, as shown in figure 6 . The discrepancy between the measured data and fitting at high temperatures could be associated with number of factors such as radiation losses during the experiments and temperature dependence of the Lorentz number and Debye temperature, which have marginal impact at LT, but substantial impact at higher temperatures for the pure and substituted alloys.
In the calculation of temperature-dependent phonon thermal conduction of SrSi 2−x Ge x , we have obtained the parameters that characterize the strengths of the phononpoint-defect, phonon-grain boundary and phonon-phonon scattering processes. The extracted values are tabulated in table 2. It is noted that the value of a (v/L) of the grain-boundary scattering increases systematically with Ge substitution, suggesting that the grain size (L) decreases with increasing Ge content unless the phonon velocity varies significantly upon substitution. In addition, the pre-factor A is also found to be increased with Ge content. This observation confirms the importance of point-defect scattering in the lattice thermal conductivity of the substituted SrSi 2 alloys. On the other hand, no systematic change of the Umklapp coefficient B can be obtained from the fit. The grainboundary scattering is generally a dominant mechanism for the LT lattice thermal conductivity; however, the point-defect scattering has a strong influence on the appearance of the shape and position of the phonon peak occurring around 25 K. We thus conclude that the variation of lattice thermal conductivity at low temperatures in these alkaline-earth-metal silicides is very likely due to the modification of the phonon-point-defect scattering mechanism. According to the model proposed by Klemens [21] , the pre-factor A is proportional to x(1 − x), where x is the relative concentration of point defects. As shown in the inset of figure 6 , the parameter A scales linearly with x(1 − x), suggesting that the effect of Ge substitution for Si in the SrSi 2 alloy is indeed strongly related to the appearance of point defects. Hence, we argue that the point-defect scatterings are most likely originated from the mass fluctuations between Si and Ge, since their atomic size and mass differences are rather high (>20%). Besides, other lattice imperfections such as vacancies may also be introduced via Ge substitution which in turn leads to a considerable amount of point defects in the substituted alloys. Despite the significant reduction of κ L at low temperatures, the lattice thermal conductivity exhibits only a marginal reduction above 200 K in the all Ge-substituted SrSi 2 alloys with κ L value of about ∼4-5 W m −1 K −1 at room temperature. Efforts need be made to further lower κ L in addition to the mass fluctuation scattering in the SrSi 2 -based alloys by another alternative substituent. Figure 7 shows the dimensionless figure-of-merit, ZT, as a function of temperature of the SrSi 2−x Ge x alloys. It is apparent that there is a considerable increase in the ZT value of the substituted alloys as compared with that of the pure SrSi 2 . The maximum room-temperature ZT value of about 0.13 for SrSi 1.94 Ge 0.06 alloy was achieved, almost three times larger than that of pure SrSi 2 (∼0.05). This highest ZT value of the substituted sample is still smaller than that of the optimized Bi 2 Te 3 (ZT ∼0.8) [22] . However, the thermoelectric power factor (S 2 /ρ) of SrSi [22] [23] [24] . It is found that the thermoelectric power factor of SrSi 2 can be effectively enhanced with the Ge substitution. However, the further reduction of κ L has to be realized to enhancement of the ZT value for better thermoelectric performance of the SrSi 2 -based alloys.
Conclusion
Temperature-dependent electrical resistivity, Seeback coefficient, as well as thermal conductivity of the SrSi 2−x Ge x alloys (x = 0.00-0.12) were investigated to elucidate their thermoelectric performance. It is found that room-temperature resistivity of the substituted alloys decreases with the substitution of Ge up to x = 0.06 and then increases upon further substitution. The observed variation in the Seeback coefficient with respect to the Ge content is presumably due to the broadening of the gap and changes in the DOS at the Fermi level. It is also found that the reduction of lattice thermal conductivity due to phonon-point-defect scatterings arises from the mass fluctuations between Si and Ge. In the LT region, lattice thermal conductivity of the Ge-substituted SrSi 2 alloys reduces dramatically upon substituting Ge, whereas the Seeback coefficient is found to be enhanced. Finally, the maximum roomtemperature ZT value of about 0.13 for SrSi 1.94 Ge 0.06 alloy was achieved, which is almost three times larger than that of pure SrSi 2 (∼0.05). We clearly demonstrated that the substitution of Ge in SrSi 2 system represents a good opportunity for improving its thermoelectric performance.
